ABSTRACT: We investigate a 331 extension of the Standard Model gauge sector which accommodates neutrino masses and where the lightest of the heavy neutrinos is a viable WIMP dark matter candidate. In this model, processes mediated by the additional Z gauge boson set both the WIMP relic abundance and the scattering cross section of WIMPs off of nuclei. We calculate the WIMP relic abundance including the important effect of coannihilation across the heavy neutrino sector. We find that the recent XENON results put very stringent bounds on the mass of the extra gauge boson, M Z > 1.6 TeV, for WIMPs lighter than 1 TeV. Finally, we comment on how our bounds on the Z mass impact generic 331-like models and on implications for LHC phenomenology.
Introduction
The fundamental particle nature of the dark matter is one of the most pressing unanswered questions in science. The search for signals from dark matter that could shed light onto its particle nature is ongoing at a fast pace, and promises major breakthroughs on a very short time-scale. On the theory side, many dark matter candidates have been proposed and studied in detail, with a special role played by so-called WIMPs (an acronym for Weakly Interacting Massive Particles). WIMPs, defined by having a pair-annihilation cross section dictated by weak interactions and a mass at the electroweak scale, naturally yield a thermal relic density consistent with the observed cosmological dark matter density (a fact sometimes indicated as "WIMP miracle"). In addition, WIMPs are predicted to exist in many interesting particle physics models beyond the Standard Model (SM) such as the MSSM [1] , Left-Right Models [2] , Universal Extra Dimensions [3] , Little Higgs Models [4] , 331 models [5] [6] [7] , and minimal extensions of the Standard Model (SM) [8] .
In this paper, we focus on the dark matter phenomenology of a special class of theories, the so called 331 models, whose phenomenology has been studied in great detail from various particle physics standpoints, but not as far as dark matter searches are concerned. There exist many incarnations of 331 models in the literature, and many of them actually do not offer any viable dark matter candidate: these include the "minimal" 331 model [9] , the "economical" 331 model [10] , and the 331 with two triplets of scalars [11] , among others [12] . Supersymmetric [13, 14] or Technicolor [15] versions of these constructions might offer the prospect of having a viable dark matter candidate. However these supersymmetric and Techinicolor extensions have not yet addressed the issue of producing a suitable dark matter candidate in any detail.
Concerning the minimal 331 models, in order to account for the dark matter, models must generically invoke an extended scalar or gauge sector, as pointed out in Ref. [16] . It is important to note that it has been claimed that the economical 331 model does feature a dark matter candidate, but a very severe fine-tuning is required in order to make the dark matter candidate stable, in particular by needing a very large suppression in the coupling λ 3 ∼ 10 −24 in the scalar potential in Eq. (3.7) of Ref. [17] . Likewise, in Ref. [14] , the self-interacting dark matter scenario has been investigated. However, only the relic over-abundance requirement has been implemented so far. It would be interesting to investigate if this model has dark matter candidates with viable direct and indirect detection rates, and whether or not these rates are within reach of current experiments.
Here, we will focus on the so-called 3-3-1LHN model, which extends the SM by offering both (i) an elegant explanation to the observed neutrino masses and (ii) a natural dark matter candidate, in marked difference from the other aforementioned 331 proposals. It has already been shown in Ref. [6, 7] that this model may feature two possible dark matter candidates, but that they cannot co-exist. Here, we will consider the phenomenology of only one of these dark matter candidates, the lightest of the new, heavy neutrinos, with the purpose to determine the role of the Z gauge boson as far as the dark matter phenomenology is concerned.
In the present study we accurately calculate the dark matter thermal relic density, including new processes that have never been included in this context before (namely, coannihilation in the heavy neutrino sector) and we derive stringent bounds on the mass of the Z gauge boson by comparing the predicted scattering cross section off of nuclei with the most current limits from XENON100. Since the Z couples to quarks similarly in both minimal and right handed 331 models, the limits we obtain on the mass of the Z are not limited to the 3-3-1LHN model, and they effectively apply at some level to any 331 model where the dominant WIMP-nucleon scattering channel is via a Z gauge boson. We note that our limits are complementary to other limits on the Z mass coming from colliders [18, 19] , FCNC [20] , oblique corrections to the STU parameters [21] , and muon decay [22] .
The paper is organized as follows: In section 2 we briefly introduce the 3-3-1LHN model. In section 3 we investigate the dark matter relic density in the model and we derive bounds on the mass of the Z boson. Finally, we summarize and draw our conclusions in section 4.
The 3-3-1LHN Model
We indicate with "3-3-1 models" extensions of the electroweak sector of the Standard Model where
This extension is motivated by various, important problems not addressed by the SM, including the observed pattern of neutrino masses and mixing, the number of generations, as well as the existence of a suitable particle candidate for the dark matter. This model also reproduces the SM phenomenology as far as the Higgs sector is concerned, especially in light of recent experimental results, as shown in Ref. [7] . For all these reasons, 3-3-1 models stand out as compelling extensions to the SM. The 3-3-1LHN we consider here has two noticeable distinct features compared to other incarnations of 3-3-1 models, namely:
(i) the presence of heavy neutrino-like particles, and (ii) the existence of two possible, distinct dark matter candidates.
Below we briefly discuss the particle content and key features of the 3-3-1LHN model.
Leptonic Sector
In the 3-3-1LHN model the leptons are arranged in triplet and singlet representations as follows:
where a = 1, 2, 3 runs over the three lepton families, and N a(L,R) are new, heavy neutrinos added to the SM particle content. We will be hereafter using the above shorthand notation to refer to the quantum numbers of the symmetry group
For instance, as one can clearly see above, the leptons in the triplet are color singlets (1), triplets by SU (3) L (3) and have hypercharge N = −1/3, i.e (1 , 3 , −1/3).
Hadronic Sector
The quarks in the theory, just like the leptons, come in triplets. In particular, the third generation lives in a triplet representation while the other two generations are in an anti-triplet representation of SU L (3), so that triangle anomalies cancel [9] . The corresponding quantum numbers are as follows:
where the index i = 1, 2 runs through the first two generations. The primed quarks (q ) are new, heavy particles added to the SM particle content, with the usual fractional electric charges.
Scalar Content
The symmetry breaking pattern
QED is reproduced with the introduction of three scalar triplets, namely
3)
The new scalars posses a general scalar potential of the form: (2.4) with η and χ both transforming as (1 , 3 , −1/3) and ρ transforming as (1 , 3 , 2/3). The scalar triplets above are introduced in order to generate masses for all fermions in the model after the neutral scalars η 0 , ρ 0 and χ 0 develop a vacuum expectation value different from zero.
Global Symmetry
We will invoke the global symmetry U (1) G , given by .5) to stabilize the lightest particle charged under this global symmetry (LGP) and, additionally, to simplify the mass spectrum of the model. This lightest particle will be indicated as LGP. Thanks to this global symmetry, Yukawa mass terms likeQ iL χ * d jR ,Q 3L χu 3R andQ iL η * q j among others, are forbidden in the Lagrangian, with significant simplifications in the resulting particle spectra. Such terms would induce mixing between the SM quarks and the new quarks q . Moreover, the presence of this global symmetry makes the LGP stable and, in principle, a viable dark matter candidate.
In the context of the 3-3-1LHN model there are two possible LGP candidates: a complex scalar φ (the mass eigenstate resulting from the neutral scalar states in the theory) and a fermion N i (the lightest of the new heavy neutrinos). The most natural one, i.e. the LGP if all couplings in the theory are assumed to be of order one, is the fermion N 1 if one assumes a normal neutrino mass hierarchy, and N 3 if one assumes an inverted hierarchy. We will hereafter assume a normal neutrino mass hierarchy, but the inverted hierarchy scenario with N 3 as the LGP would not qualitatively be any different. In order to demonstrate that the N 1 is a good dark matter candidate we will compute in detail its thermal relic abundance and its scattering cross section off nuclei, and compare our findings with available current experimental bounds.
Yukawa Sector
As mentioned above, one of the benefits of introducing the G-symmetry of Eq. (2.5) is to simplify the mass spectrum. The most generic Yukawa sector of the Lagrangian invariant under the 3-3-1 gauge and the G-symmetry is found to be 6) where ρ, η and χ are the scalar triplets introduced above.
One might notice that all fermions obtain Dirac masses, similarly to the Standard Model. The new fermions added to the SM, which will have Dirac mass terms as well, will have their masses proportional to the scale of symmetry breaking of the model. This model does not suffer from the problematic non-perturbative behavior at a few TeV that plagues minimal 331 models [23] , and hence one can easily push the scale of symmetry breaking up to high energies. We will not consider this possibility here, however, since our goal here is only to derive bounds on the mass of the Z boson based on direct detection searches of dark matter candidates at the electroweak scale.
Gauge Bosons
Due to the enlarged electroweak gauge group (SU (2) L → SU (3) L ) extra gauge bosons will be present in the 3-3-1LHC model, which we will indicate as Z , V ± , and U 0 and U 0 † . These bosons have masses proportional to the scale of symmetry breaking of the model, which here is assumed to be in the few TeV range. The charged currents involving these gauge bosons can be written as
while the neutral current has the general form
where f are leptons and quarks, the couplings g V and g A are indicated in Tables 1, g is the SU (3) L coupling, and θ W is the Weinberg angle. The phenomenological aspects associated with the five gauge bosons in the model have been thoroughly explored in Ref. [24] , to which we refer the Reader. The most striking feature is the presence of charged gauge bosons. At LEP-II charged gauge bosons could have been produced in pairs via their photon and Z couplings. The production cross section depends only on the mass of the V ± mass and and is large enough to rule out M V ± < √ s/2 ∼ 105 GeV. At the LHC, W bosons can be detected through resonant pair production of fermions or electroweak bosons. The most commonly studied signal consists of a high energy electron or muon and large missing transverse energy, with a peak in the number of events at M W /2 as can be seen in Fig.1 of Ref. [25] . Assuming SM couplings with fermions, restrictive bounds were derived on the mass of the W , namely M W > 2.55 TeV at 95% C.L [26] . However, this limit does not directly apply to our model for three reasons:
(i) The boson V ± couples, here, differently to the SM fermions, as one can clearly notice in Eq. (2.7): some new particle from the 331 model is always present in the interactions involving the V ± due to the G symmetry;
(ii) V ± decays predominantly into WIMP plus electron (N 1 e) pairs; Table 1 . Coupling of the Z with all fermions in the 3-3-1LHN model. Here θ W is the Weinberg angle. It is worth pointing out that the interaction Z N N makes a crucial difference from previous 331 models proposals [9] [10] [11] .
(iii) the production mechanism is not the same as for the W ± : in addition to Drell-Yan processes (photon and Z s-channel mediated processes), there is a t-channel diagram mediated by new quark q 1 , and three s-channel processes mediated by the Higgs, the scalar S 2 and the Z .
In conclusion, one cannot straightforwardly apply the bounds found from ATLAS on W mass to our model 1 . The LHC searches for the W represent at some level a constraint on the mass of our charged gauge boson V ± , and they are complementary to the ones derived in this work using direct dark matter detection. A detailed study should thus be performed in the future to translate this bound on the W mass into a limit on the mass of the V ± in our model.
Mass Eigenstates
Spontaneous symmetry breaking in the present model is based on the non-trivial vacuum expectation value (vev) developed by the neutral scalars (η 0 , ρ 0 , χ 0 ) which we indicate as
There exist other neutral scalars in the spectrum, namely η 0 and χ 0 , which are forced not to develop vevs in order to preserve the U (1) G global symmetry, and therefore guarantee the stability of our dark matter candidate. Once the pattern of symmetry breaking has been established one can straightforwardly obtain the mass eigenstates of the model. The SM fermion mass terms are unchanged, except for the neutrinos that acquire mass through dimension 5 effective operators [27] . We do not quote the resulting values for the neutrino masses, which can be made compatible with observation [27] , and we only exhibit a summary of the masses of the additional particles added to the SM below.
• Fermions
The neutral fermions (N a ) shown in Eq. (2.1) are Dirac fermions with masses given by 10) where g aa are the Yukawa couplings that appear in the last term of Eq. (2.6). We assume all Yukawa couplings to be diagonal throughout this work.
The three new quarks q a have their masses given by the first two terms of Eq. (2.6) with,
These new quarks do not play any role in the present analysis, and will be thus completely ignored from now on.
• Scalars
After spontaneous symmetry breaking the three CP-even neutral scalar mass eignestates (H, S 1 , S 2 ) have masses
(2.12) S 1 and S 2 are new scalars particles added to the SM and have masses proportional to the scale of symmetry breaking of the model v χ , while H is identified with the SM Higgs boson. The vev v which appears in Eq. 2.12 must be equal to 246/ √ 2 GeV, in order to reproduce the masses of the Z and W bosons. It has been shown in Ref. [7] that the 3-3-1 Higgs boson H reproduces the current results concerning the signal strength for the observation of the Higgs at the LHC.
Besides the three CP-even scalars, a new CP-odd scalar state (P 1 ) appears, with the following mass:
An additional complex neutral scalar also emerges which we indicate with φ, with mass given by 14) Lastly, because of the presence of charged scalar fields in the triplet of scalars in Eq. (2.3), two massive charged scalars h 1 and h 2 arise, with masses 15) Despite the fact that the 3-3-1LHN model has a large scalar content, none of these scalars will actually play a significant role in the phenomenology under scrutiny in this work 2 . We discuss them here primarily for the purpose of showing the richness of the mass spectrum predicted by this model.
• Gauge Bosons
In the 3-3-1LHN model there is a total of 9 gauge bosons, arising because of the enlarged electroweak sector. Their masses are found to be, 16) and,
(2.17)
It is important to emphasize that there are five gauge bosons in addition to the SM, which are within the reach of the LHC, since we assume that the corresponding masses, determined by the scale of symmetry breaking of the model, are in the few TeV range. Bounds on these particles' masses have been placed by the non-observation of certain classes of events [19, 25, 26] . In particular, a recent and restrictive limit was found on the mass of the Z boson for the 3-3-1 model with right handed neutrinos using CMS data [19] , namely, M Z > 2.2 TeV. This bound however, does not apply to our model, because the Z here decays mostly into missing energy. For the regime where M Na < M Z /2, the Z decays mostly into fermion pairs (N a N a ). Since we are assuming a normal hierarchy and N 1 is the LGP, the Z will thus simply decay invisibly into dark matter particle pairs. Therefore, despite the production rate being the same, the branching ratio into charged leptons will be suppressed, and at some level the lower bound as well, as opposite to the 3-3-1 model with right handed neutrinos. Nevertheless, it is important to point out that in the mass regime where Z boson cannot decay into the fermion pair the results found in Ref. [19] do apply to our model. A variety limits have been placed on the mass of this boson and they come from different 2 Note that as stated above we do not consider the possibility that the mass eigenstate φ be the LGP and thus the model's dark matter candidate. sources [20] [21] [22] and from different models. In summary, the bounds derived here on the mass of this boson are complementary to those.
We show in Fig. 1 how the mass of the Z (in blue) and the total width (in red) vary with the scale of symmetry breaking of the model. Since the the mass of the Z depends on the scale of symmetry breaking only, a bound on the mass of this boson translates into a limit on the whole mass spectrum of the model, because the masses of the new particles are all proportional to the scale of symmetry breaking.
In summary, we have hereby briefly reviewed the key features of the 3-3-1LHN model. It will become clear from what follows that our results are complementary to other results, relevant for this class of models, obtained in the literature. We now turn to the phenomenology of the dark matter candidate, especially as a function of the Z mass.
Dark Matter

Thermal Relic Abundance
The calculation of the thermal relic abundance of the LGP (here assumed to be the heavy neutrino N 1 ) in the 3-3-1LHN model follows standard techniques. To achieve the best possible numerical accuracy, we use here a suitably modified version of the micrOMEGAs package [28] where we implemented the model of interest. In the present model, the thermal relic abundance is set by a wide variety of annihilation and co-annihilation processes, some of which are shown in Fig. 2 and  3 , respectively. It is important to notice that the new version of micrOMEGAs we employ includes the computation of 3-and 4-body final state processes. This is of great relevance in the present context, because it opens up new diagrams which had not been considered before, e.g., in Ref. [6] - [7] . In addition to this, we include all relevant co-annihilation processes, such as those displayed in Fig. 3 , and we investigate the role of the gauge boson Z in the overall abundance. In our calculations, we Figure 2 . Selected annihilation channels which contribute to the thermal relic density of our dark matter candidate N 1 . Figure 3 . Example co-annihilation channels which contribute to the abundance of our dark matter candidate N 1 .
vary stochastically the mass splitting between the LGP N 1 and the heavier neutrinos N 2 and N 3 within 10%. We will see further that it is however the Z gauge boson that plays the most important role in determining the abundance of the dark matter candidate and the associated direct detection rates.
In Fig. 4 we show the abundance of the fermion N 1 as a function of mass, for four different values of the Z mass. We keep all parameters of the model fixed, with the exception of the masses of the heavier neutrinos N 2 and N 3 which, as stated above, are varied within 10% of the N 1 mass. Throughout the parameter space of our model, we employ couplings of order one, and we use the values v χ = 2, 3, 4, 5 TeV while changing the mass of the WIMP. Taking all parameters of order one guarantees that all new particles lie at the v χ scale, and enforces the LGP to be the N 1 (assuming fine-tuning in the λ 7 parameter, the scalar φ might become, in fact, lighter than N 1 ).
There are two important conclusions arising from the calculation of the N 1 thermal relic abundance. First, we notice that the co-annihilation processes shown in Fig. 3 only produce some scatter (at most of a factor 2) to appear in Fig. 4 , which produces the "thickness" in the curves shown in the figure. Heavy neutrino coannihilation processes, therefore, do not play a crucial role in setting the thermal relic abundance of the N 1 LGP. Second, the change in v χ can be directly translated into a change in the Z mass through Eq. (2.17) , in such way that the values for v χ = 2, 3, 4, 5 TeV effectively correspond to the choices M Z = 0.8, 1.2, 1.6, 2 TeV.
It is convenient to cast our results as a function of the Z mass so we can clearly appreciate the effect of changing the Z mass. For instance, for v χ = 2 TeV ( M Z = 0.8 TeV), we observe that the thermal cross section has a resonance exactly at M Z /2 = 400 GeV, and for this reason the resulting abundance is suppressed. This effect similarly appears for M Z = 1.2, 1.6, 2 TeV. This tell us the Z mediated processes in Figs. 2 are the most relevant ones, at least near resonance. In other words, by requiring the abundance of our WIMP to match what measured by Planck, we can in principle constrain the mass of this gauge boson. However, one might notice from Fig. 4 , that imposing the right abundance is not enough to obtain a bound on the Z mass: for each value of M Z there is always a region of the parameter space, as small as it can be, that provides the right abundance. On the order hand, as we shall see in the next section, direct detection limits coming from the XENON100 for instance, rule out a large portion of the Z mass range. The figure also shows that, for a given value of the symmetry breaking scale, or equivalently of M Z , the "correct" thermal relic density is always achieved at M N 1 < M Z /2, and at M N 1 > M Z /2 (on the "other side" of the resonance) only for massive enough m N 1 1 TeV. As M N 1 → M Z the relic density drops again due to many additional coannihilation partners arising in the particle spectrum of the theory, and generically one gets a second viable value of M N 1 (at fixed M Z ), but again only for massive enough N 1 's.
Direct Detection and bounds on the Z
In general, the WIMP scattering off of nuclei can be either spin-independent (SI) or spin-dependent (SD), depending or what sort of couplings are involved in the underlying theory. In our model, the dark matter candidate is a fermion that couples to quarks primarily through the Z boson. This coupling results in a WIMP-Nucleon cross section that has both a SI and SD component. The SD WIMP-nucleon cross section is numerically larger than the SI WIMP-nucleon one. However, due to the well known enhancement from coherent scattering, the SI bounds on the WIMP-Nucleon cross section turn out to be stronger than the the SD ones. Therefore, we will limit our discussion to SI processes only.
The differential event rate for elastic scattering of a WIMP with mass M wimp and a nucleus with mass M nuc is given by, 1) where N T is the number of target nuclei per kilogram of the detector, ρ DM = 0.3 GeV/cm 3 is the local dark matter density, dσ dEr (v, E r ) is the differential cross-section for the WIMP-Nucleus elastic scattering , v is the velocity of the WIMP relative to the Earth, v min is the minimum WIMP speed that can cause a recoil of energy E R , and f E ( v) is the the velocity distribution of the dark matter in the frame of the Earth (normalized to 1). This minimum velocity will depend on the energy threshold of the detector as well as on the masses of the WIMP and the nucleus.
In Eq. (3.1) dR/dE r is the only measured quantity by direct detection experiments. The standard procedure is to plug in the Eq. (3.1) the values of N T and ρ DM , which are know quantities, and adopt some velocity distribution (f E ( v)), usually Maxwell-Botzmann, and assume some particular interaction between the WIMP and the nucleons, and the form factor, in such a way to determine dσ dEr (v, E r ).
The WIMP-Nucleus cross section is typically separated into a spin-independent (scalar) and a spin-dependent contribution as, 2) but, as mentioned earlier, we will focus our attention to the SI only, since it provides stronger bounds. In this case the differential SI cross section might be written as,
where q = √ 2M nuc E r is the momentum transferred to the nucleus, σ SI 0 is the SI cross sections at zero momentum transfer (q = 0), F 2 (q) is the form factor that describes the dependence on the momentum transferred to the nucleus, in other words, it accounts for the coherence loss as the momentum transfer is increased.
Spin-independent contributions to the cross section may arise from scalar-scalar and vectorvector couplings in the Lagrangian:
The presence of these couplings depends on the particular particle physics model chosen for the dark matter candidate. In general one can write 5) where the nuclear form factor, F 2 (E r ), is the Fourier transform of the nuclear charge density and has the effect of suppressing the signal at large recoil energies, and σ 0 is the total WIMP-nucleon cross section, which has a scalar and vector component. Scalar couplings lead to the following expression for the WIMP-nucleon cross section,
where the quantities f related to the strange quark content in the nucleon and are determined from pion-nucleon scattering amplitude [29] and from baryon mass differences [30] .
The vector coupling is only present in the case of a Dirac fermion, such as our WIMP N 1 . The sea quarks and gluons do not contribute to the vector current. This means that only valence quarks contribute, leading to the following expression 8) with
For a general WIMP particle with both scalar and vector interactions, the spin-independent contribution to the scattering cross section can be written as,
Most direct detection experiments choose to parametrize their results in terms of the scalar SI WIMP-nucleon cross section (σ n or σ p ), by rewriting the differential cross section as follows, 11) where 12) where µ n,p is the WIMP-nucleon reduced mass. In many cases the WIMP couples to neutrons and protons similarly, and in this situation f p f n , and therefore the scalar contribution can be approximated by dσ 3.13) Notice that for the vector coupling, the WIMP-Nucleus cross section would also scale with
, and a similar definition for the WIMP-nucleon cross section would apply. Anyway, this A 2 enhancement typical for SI scatterings has lead many direct detection experiments to employ heavy targets such as Xenon and Iodine to boost the signal.
We have thus far reviewed the procedure to calculate the SI WIMP-nucleon cross section determined by only one channel, shown in Fig. 5 . In theory there would exist two additional diagrams that could contribute to the WIMP-nucleon scattering. The second one is the 1-loop process with quarks running in the loop. However this process is not to relevant here because the fermion N 1 does not couple to the Higgs. The third, is a t-channel diagram mediated by the heavy pseudoscalar P 1 with mass given in Eq. 2.13. Since the couplings involve a γ 5 matrix only, and the WIMP-nucleon scattering happens at the non-relativistic limit, this process is completely negligible. In any case, all three processes are taken into account in the realization of the 3-3-1LHN model we implemented in the micrOMEGAs package [28] .
We summarize our numerical results for the N 1 -nucleon scattering cross section as a function of the N 1 mass in Fig. 6 , for two values of the Z mass. We set the symmetry breaking (vev) scale at v χ = 4 TeV (green) and v χ = 5 TeV (blue). These values translate into M Z = 1.6 TeV and M Z = 2 TeV respectively, through Eq. (2.17) . Thicker lines indicate the N 1 mass range where a thermal relic density compatible with the observed dark matter abundance is achieved. The thick grey line indicates the XENON100 (2012) bound [31] : the region above the curve is excluded. The black dashed line indicates the anticipated 2017 XENON1T performance [32] .
The figure shows that if one assumes that the N 1 is not heavier than 1 TeV a lower bound M Z > 1.6 TeV can be inferred. However, if one assumes the N 1 to be much heavier than 1 TeV this limit does not apply. For a N 1 lighter than ∼ 600 GeV one will need a Z much heavier than 2 TeV in order to evade the XENON100 limits. Also, it is apparent that there is only a very weak dependence on the N 1 mass. Since only gauge couplings are involved, the scattering cross section is determined by the mass of the WIMP and the Z only. Consequently, the bound on the scattering cross section off nuclei can be converted into a limit on the mass of the Z for a given WIMP mass, as we discuss below.
The lower bound on the Z thus depends on the N 1 mass regime we are considering. In Fig. 7 we show the region of the parameter space (M Z , M N 1 ) which is allowed by direct detection searches of dark matter. The red region is excluded by XENON100 limits [31] . The grey region is M Z' (GeV) Figure 7 . The M Z , M N1 parameter space. The red region is excluded by XENON100 bounds [31] . In the grey region the N 1 is not the LGP, and is thus unstable, allowing it to decay into U 0 ν e , where U 0 is a neutral gauge boson and ν e is the SM electron-neutrino according to Eq. (2.7). The black, blue and green points indicate parameter space points where the thermal relic density Ω N1 h 2 > 0.11, = 0.11 and < 0.11, respectively.
excluded by requiring that N 1 be the lightest particle charged under the global symmetry G defined in Eq. (2.5). For instance, when M Z = 1.2 TeV, i.e. for v χ = 3076 GeV, the bosons V ± and U 0 have masses close to ∼ 1000 GeV, and because of the trilinear coupling involving theses boson and the fermion N 1 , as one can see in Eq. (2.7), the fermion N 1 , which is assumed to be the dark matter candidate, cannot be heavier than about 1000 GeV. For this reason the grey region reflects a N 1 stability requirement: if the N 1 is not the LGP it would not be stable.
The figure also shows the regions where the N 1 thermal relic density is overabundant (black), under-abundant (green) and in accord (blue) with the universal dark matter density. The structure of the relic density on the plane reflects what shown in Fig. 4 : the central funnel corresponds to the resonant annihilation mode via Z exchange in an s-channel, while the right region, close to the instability region reflects the coannihilation with other particles in the theory (i.e. the right-most end of the curves in Fig. 4 ).
As mentioned above, the bounds we discuss here apply, at some level, to other extensions of the so called minimal 331 models where fermions arise similar to the N 1 , because the couplings of the Z boson on those models are not so different from the model we investigate here. Moreover, these limits are complementary to other limits coming from colliders [19] , Flavor Changing Neutral Current processes [20] , electroweak corrections to the S,T,U parameters [21] , and from muon decay [22] . More importantly, the limits on the mass of the Z found here imply a bound on the scale of symmetry breaking that forces all particle masses to lie at a few TeV, if one considers all couplings to be of order one. As a final note, we warn the Reader that the limits we have derived here only apply under two assumptions:
• The symmetry G is not broken.
• N 1 is the lightest particle charged under the global symmetry G.
Conclusions
In this paper we studied the phenomenology of the so-called 3-3-1LHN model. The model extends the electroweak symmetry group from SU(2) to SU(3), it adds a variety of particles that fit in the new representations quarks and leptons belong to, and it adds a richer scalar sector, needed to obtain an appropriate pattern of symmetry breaking. In particular, the 3-3-1LHN model naturally encompasses heavy neutrinos and provides a viable dark matter candidate after imposing a suitable global symmetry.
While 3-3-1LHN models have been studied from a variety of particle physics standpoints, here we focused on the dark matter phenomenology. We implemented 3-3-1LHN models in a numerical code (micrOMEGAs) for the accurate calculation of the dark matter thermal relic abundance as well as the direct detection scattering rate. We then studied how direct detection results constrain the dark matter candidate mass and the mass of the Z , the latter in turn related to the scale of symmetry breaking of the model and to the mass of several other new particles in the theory.
The thermal relic density of the dark matter candidate is set either by resonant annihilation through Z exchange, or via coannihilation. We found that experimental direct detection results force the Z mass to very large values if the WIMP mass is in the sub-TeV domain. In particular, we have outlined a lower bound, namely M Z ≥ 1.6 TeV, for a WIMP lighter than 1 TeV, and M Z ≥ 2 TeV for a WIMP lighter than 700 GeV. These mass values are in principle within reach of future LHC searches. Hence, in the next few years we expect either discovery or complementary bounds on the Z boson of the 3-3-1LHN model. Either way, LHC will shed light on the dark sector of this model.
